A primary concern of teacher technology education is for pre-service teachers to develop a sophisticated mental model of the affordances of technology that facilitates both teaching and learning with technology. One of the main obstacles to developing the requisite technological pedagogical content knowledge is the inherent challenge faced by teachers in monitoring and controlling certain aspects of their own learning while navigating the web and designing a lesson plan. This paper reviews preliminary findings obtained in our research with nBrowser, an intelligent web browser designed to support pre-service teachers' self-regulated learning and acquisition of technological pedagogical content knowledge. Case examples of data mining techniques are presented that allow the discovery of knowledge regarding pre-service teachers' information-seeking and acquisition behaviours and how to support them. The first case illustrates the use of simulated learner experiments, while the second involves the creation of a model to detect learner behaviours. We discuss the implications in terms of design guidelines recommendations for nBrowser as well as the broader impacts for future research on technological pedagogical content knowledge research and development.
Introduction
Mishra and Koehler (Koehler & Mishra, 2009; Mishra & Koehler, 2006) use the term technological pedagogical content knowledge (TPACK) to characterise teachers' knowledge of the integration of technology in the classroom, in particular the relations between content and pedagogy, content and technology, as well as pedagogy and technology. Whereas the later definition refers to the interaction between distinct bodies of knowledge, Angeli and Valanides (2005 , 2009 , 2013 refer to knowledge about how to transform content and pedagogy through the affordances of technology. This later notion encompasses teachers' competencies, and their abilities to utilise digital representations that augment instruction given the specific characteristics of the students and classroom. In accordance with these views of TPACK, we conceptualise it as a mental model that is built by teachers through an effortful, situated, and personal process, drawing on both their past and future classroom experiences (Calderhead & Robson, 1991; Niess, 2005; Strauss, 1993) .
There are several obstacles to pre-service teachers building sophisticated models of the use of tools and their affordances. Teachers engage in simultaneous activities, requiring their attention before, during, and after classroom instruction. As mentioned by Moos and Pitton (2014) , "applying lesson plans that meet the diverse need of students, retrieving content expertise, managing external and internal distractions, identifying verbal and nonverbal cues, monitoring students' level of attention, and assessing students' prior knowledge all demand teachers' attention" (p. 127). Several attempts have been made to design instructional scaffolds as a means to support pre-service teachers in developing more sophisticated mental models related to planning lessons. Scaffolds informed by theories of self-regulated learning (Pintrich, 2000; Winne & Hadwin, 1998; Zimmerman, 2001 ) guide pre-service teachers through the cyclical phases of self-regulation, enabling them to understand the task and resources available, plan a lesson, use strategies to translate information into lesson plan edits and revisions, as well as monitor their own progress as a means to make adaptations. Scaffolds can be provided to pre-service teachers by humans, virtual pedagogical agents, or embedded in the context of a learning environment and are progressively faded once they become more competent (Azevedo, 2005; Lajoie & Azevedo, 2006) . For instance, a webbased tool like the Instructional Architect can support teachers in instructional activities design (Recker, Sellers, & Ye, 2013) . Prompts can elicit self-questioning to support teachers in monitoring and controlling certain aspects of their own learning (Kramarski & Michalsky, 2010 , 2013 . A lesson plan design scenario can also be created to constrain the amount of choices made by teachers, enabling a system to provide timely and specific feedback (Angeli, Mavroudi, & Christodoulou, 2015; Angeli, Valanides, Mavroudi, Christodoulou, & Georgiou, 2015; Mavroudi, Angeli, & Georgiou, 2013 ).
The assumption is that through deliberate practice pre-service teachers will become more competent in building and applying mental models pertaining to TPACK in their own classroom practices, allowing them to allocate cognitive resources to other aspects of teaching (Moos & Pitton, 2014) . However, there are important methodological challenges to studying how less and more experienced teachers develop TPACK in both formal and informal learning environments, including higher education and workplace settings (Hofer & Harris, 2012; Phillips, 2013) . There is a growing body of literature that recognises the need to conceptualise lesson planning as an event, using data captured from multiple sources to capture the temporal unfolding of the design process. These methods include but are not limited to expert, self, and peer assessments, as well as interviews, design products, reflections, and portfolios (Angeli & Valanides, 2009; Harris & Hofer, 2009a , 2009b , 2011 Rosenberg, Greenhalgh, & Koehler, 2015) . In this paper, we assert that TPACK research can be advanced through the in-depth examination of frequency, patterns, timing, sequencing, and content of design-related activities captured in the form of trace log data collected in open-ended learning environments. The assumption is that open-ended learning environments can trace learner behaviours, thereby serving as both a research and training platform that complements traditional teacher technology educational programs, interventions, and workshops. We describe nBrowser, an intelligent web browser that can model, track, and foster teachers' self-regulatory processes while navigating the web and designing technology-infused lesson plans. We discuss educational data mining techniques used in studying the mediating role of SRL towards TPACK development and make recommendations for designing adaptive open-ended learning environments that tailor instruction to the specific needs of different teachers.
Technological pedagogical content knowledge
Over the past decade, a large and growing body of literature has investigated the broad applications of the TPACK framework towards teacher technology education, including the development of teacher professional development programs, training solutions, the evaluation of teacher practices and artifacts as well as the creation of formative/summative assessments (e.g., Chai, Koh, & Tsai, 2013; . The term TPACK is broadly used in the research literature to characterise the cognitive structures (declarative knowledge) that are required for teachers to effectively use technology as a means to achieve instructional goals (Koehler & Mishra, 2009; Mishra & Koehler, 2006) . The TPACK framework describes teachers' knowledge in terms of interactions that occur between three distinct domain areas, namely: (1) content knowledge (i.e., subject matter to be learned or taught); (2) pedagogical knowledge (i.e., practices or methods of teaching and learning); and, (3) technology knowledge (i.e., manner of thinking about or working with technology, tools, and resources) (Graham, 2011) . In this paper, the abbreviation TPACK will be used to refer to a mental model (Johnson-Laird, 1980) , a form of mental representation corresponding to students' mental states that is manipulated by a teacher and that in turn constrain the goals they pursue in the classroom, and the teaching methods, tools, technologies, and resources that are employed to achieve these goals (Calderhead & Robson, 1991; Strauss, 1993) . The notion of a mental model emphasises the cognitive processes or procedural knowledge involved in understanding technology integration approaches, learning activities, and tool affordances, rather than distinct types of declarative knowledge.
Teachers' knowledge and understanding of tool affordances refers to "how particular topics that are difficult to be understood by learners or difficult to be represented by teachers can be transformed and taught more effectively with technology in ways that signify its added value" (Angeli & Valanides, 2009, p. 155) . Teachers build more sophisticated mental models through an effortful and personal process that involves: (1) perceiving how the actual affordances of tools can be used to transform content into representations conducive to student understanding; (2) tailoring these representations to the specific needs of their students; and, (3) using pedagogical strategies to make use of these representations in the classroom. Teachers' ability to perceive the actual affordances of tools (e.g., record and hear sound) and make explicit connections with content (e.g., auditory representations) and pedagogy (e.g., students can recognise text read aloud, supporting word recognition) progresses along a trajectory towards expertise. Experienced teachers use technology not simply to deliver content, but rather as a means to facilitate student efforts to assimilate, transform, or create information.
A primary concern of teacher technology education is to determine what expert teachers know about the affordances of tools, and how to support novice teachers to acquire similar competencies (Lajoie, 2003) . Recent evidence suggests that novice teachers become acutely aware of their own limited cognitive resources while undergoing pre-service education program internships (Moos & Pitton, 2014) . Preservice teachers are expected to successfully apply lesson plans that meet the diverse needs of students, recall the content that will be taught and students' prior knowledge, manage distractions, and monitor students' level of attention as well as verbal and nonverbal cues. These findings are consistent with those of Valanides (2005, 2008) regarding the need to support pre-service teachers in utilising the affordances of technology while planning lessons. In order to successfully integrate technology into instructional planning, Harris and Hofer (2009a) proposed a five-step approach which involves: 1) choose learning goals; 2) make pedagogical decisions; 3) select activity types to combine; 4) select assessment strategies; and, 5) select tools/resources. Furthermore, Harris and Hofer (2009b) suggested that learning activities such as knowledge building activities as well as convergent and divergent knowledge expression activities can function as planning tools to scaffold teachers' TPACK development. Besides, by using the approach of learning by design, teachers can form a comprehensive and situated understanding of technology, thus promoting their professional development (Koehler & Mishra, 2005) . The rationale is for pre-service teachers to develop mental models related to planning lessons using the affordances of technology that become more sophisticated through deliberate practice, enabling cognitive resources to be used in other aspects of teaching. Furthermore, we argue that pre-service teachers' ability to regulate their own learning is required for them to develop TPACK.
Self-regulated learning and TPACK development
Self-regulated learning (SRL) theories account for the cognitive, affective, metacognitive, and motivational processes that characterise learners' efforts to build sophisticated mental models during learning (Pintrich, 2000; Winne, 2001; Winne & Hadwin, 1998; Zimmerman, 2000) . Learners are selfregulated to the extent that they are actively managing their own learning by evaluating and controlling their efforts (Paris & Paris, 2001; Pintrich, 2004) . According to information-processing models of SRL (Azevedo, 2008; Greene & Azevedo, 2007; Winne & Hadwin, 2008 , learners construct mental models in accordance with four distinct phases, wherein learners engage in the following activities: (1) establishing the demands of a task; (2) setting goals and planning their efforts; (3) using strategies to assimilate information; and, (4) adapting their efforts while evaluating the outcomes. In each phase, learners engage in metacognitive monitoring activities by performing cognitive tasks that result in products that are compared against standards. These cognitive evaluations may lead a learner to deploy metacognitive control strategies where learning operations result in refining the product, revising the standards and task conditions, or adjusting the phase objectives.
Research has shown that the monitoring and control of activities that characterise self-regulated learning influence pre-service teachers' acquisition of TPACK (Kramarski & Michalsky, 2009 . In doing so, we posit that SRL mediates successful task performance in the context of open-ended learning environments, including teachers' efforts to seek and acquire information, construct and refine a solution, and assess its quality (e.g., Segedy, Biswas, & Sulcer, 2014) . As shown in Figure 1 , we limit the scope of our research to the examination of how pre-service teachers engage in cognitive and metacognitive activities while developing TPACK by seeking and acquiring information. In order to design a lesson plan, teachers should identify and interpret important information while also evaluating its relevance to the chosen design. This requires a consideration of the amount of resources available to them in designing a lesson plan, the time allocated to do so, and any relevant past experiences or resources. For example, teachers may have only a few hours to prepare and plan an activity for their first grade mathematics class. They begin by setting a broad learning objective for their lesson, to compose and decompose numbers and understand place value (i.e., two-digit number represent amounts of tens and ones). Using a web browser, teachers may activate relevant prior knowledge, and set the goal of navigating to the Open Educational Resources (OER) commons website and use search filters to find relevant resources. They then set a sub-goal to search for online resources that are relevant to achieving the learning objective and disregard irrelevant resources. In doing so, teachers may pursue the sub-goal by using strategies to assimilate information obtained from the website, only later to reinstate and revise the sub-goal as a result of evaluating the products of these efforts. They then begin to plan their efforts by stating and re-instating goals while constructing the lesson plan as well as retrieving relevant information from memory. This process is repeated as teachers' goals are refined and modified while making progress towards the final solution or as they encounter difficulties and impasses along the way. Let us now turn to how this SRL model informs the design and development of an open-ended learning environment that supports novice teachers in regulating their own learning as they acquire technological pedagogical content knowledge.
External regulation of TPACK in open-ended learning environments
According to Hannafin and colleagues (Hannafin, 1995; Hannafin, Land, & Oliver, 1999) , open-ended learning environments (OELEs) are comprehensive, integrated systems that induce cognitive engagement through problem-based contexts, learner-centered activities, technological tools and resources, and guided exploration. Learners determine what to learn and how to proceed according to their unique needs, beliefs, and understanding (Hannafin, Hall, Land, & Hill, 1994; Land & Hannafin, 1996) . The resources and tools in OELEs are designed for expanding rather than narrowing the range of individual's understandings and perspectives (Hannafin, 1995) . Knowledge is constructed or modified through individual's interactions with the environment (Janette, Susan, Hill, & Land, 1998) . While the opportunities provided by OELEs for promoting learning are considerable, OELEs can be disorienting, even unsettling for learners if they do not receive appropriate assistance, preventing them from planning, exploring, monitoring, and evaluating their own unique learning process (Janette et al., 1998; Lajoie, 2005) . Thus, scaffolding should be one of the basic components of effective and well-designed OELEs (Hannafin et al., 1999) . The assumption of scaffolding is that it can support learners to reach their potential by providing necessary tools, strategies, or guides through either human or computer guidance, or both (Lajoie, 2005) . At the same time, scaffolds should fade out gradually when learners showed their capability to perform tasks without these external supports.
Researchers have coined the metaphor of metacognitive tools to refer to any type of OELE that dynamically scaffold learners in regulating certain aspects of their own learning that would otherwise be out of their reach (Azevedo, 2005; Lajoie & Azevedo, 2006; Lajoie & Poitras, in press ). There are several challenges inherent in providing adaptive scaffolding as a means to address the specific needs of different pre-service teachers while learning about conceptually rich domains, such as technological integration to augment teaching and learning. A critical aspect of tailoring the delivery of scaffolds to pre-service teachers is the need to continually capture learner behaviours as a means to prescribe the most suitable instructional content during task performance (Shute & Zapata-Rivera, 2012) . Previous attempts at scaffolding pre-service teachers' SRL as a means to enhance TPACK acquisition while designing lesson plans differed in terms of what process is scaffolded as well as when and how scaffolds are provided to teachers. For instance, Michalsky (2009, 2010) found that the IMPROVE self-questioning method that relies on prompts to foster self-regulatory processes resulted in more sophisticated lesson plan designs in comparison to those without explicit metacognitive supports. colleagues (2015, 2015) and Mavroudi et al. (2013) rely on structured lesson plan design scenarios to support preservice teachers design decisions and self-regulation, allowing the system to sequence instructional content and provide timely feedback. However, a systematic understanding of how teachers understand the task of designing technology-infused lesson plans, set goals for learning about the affordances of different technologies, use strategies to search and translate information into lesson plan edits, and monitor their progress as a means to re-adjust their efforts is still lacking. The following section elaborates further on the benefits of OELEs in modelling SRL and improving the adaptive capabilities of instructional scaffolds by drawing examples from our own research with nBrowser.
nBrowser: An OELE that adaptively fosters SRL and TPACK development
The underlying rationale for the design of the Novessa intelligent web browser (nBrowser) is that it can support pre-service teachers in designing lesson plans, helping them internalise lifelong learning skill that will assist them in their future practice. In doing so, the TPACK model informs the design of scaffolds and assessments as teachers design, enact, and reflect upon the relationships between technology, content, and pedagogy (Mouza & Karchmer-Klein, 2013) . The system scaffolds TPACK acquisition by supporting them as they acquire knowledge of the integration of technology in the classroom while navigating the web and aligning content and pedagogy, content and technology, as well as pedagogy and technology within their chosen designs (Koehler & Mishra, 2009; Mishra & Koehler, 2006) . The nBrowser provides several features designed as metacognitive tools to support SRL processes described in Figure 1 . Contemporary models of SRL (Azevedo, 2008; Winne & Hadwin, 2008 ) enable researchers to examine the complex interactions between teacher characteristics, elements of the environment, and the deployment of SRL processes. The nBrowser has four major components that are common to most intelligent tutoring systems: the domain, learner, instructional, and user-interface models (Shute & Zapata-Rivera, 2012; Sottilare, Graesser, & Hu, 2013; VanLehn, 2006; Woolf, 2009 ).
As shown in Figure 2 , the nBrowser interface shares several characteristics with OELEs in that preservice teachers are autonomous in respect to their navigation and design choices (Hannafin et al., 1994; Land, 2000; Segedy et al., 2014) . Pre-service teachers begin a learning session by either reading a case description (i.e., Solve mode) or designing their own lesson plan (i.e., Create mode). A case will typically describe an issue faced by a practicing teacher where technology may be used to facilitate teaching practices and student learning outcomes. As an example, the case of Linda the math teacher describes her students' reticence to be in front of the class and solve math problems on the board. The goal for the preservice teachers is to design a lesson plan where technology is used to support Linda in addressing the issue. At the bottom of the browser window, a pedagogical agent named Amy is designed to interact with pre-service teachers as a means to track, model, and foster SRL processes during task performance. Amy provides contextualised feedback that assists teachers in their development of TPACK. To support preservice teachers in building a lesson plan, the nBrowser features a set of tools that are available in the Lesson Plan sidebar, which is organised into the following panels: (1) the Lesson Plan Details panel that support teachers in setting objectives for their lesson plan designs; (2) the Lesson Plan Assets panel that enables teachers to monitor their progress while navigating the web; and, (3) the Lesson Plan Builder panel that allow teachers to translate online resources, examples, and hints into lesson plan edits. Teachers may navigate the web using the browser window and controls as well as request system recommendations for both online resources and example lesson plans. The system recommendations are delivered on the basis of a computational representation where online resources are represented as nodes interrelated through different semantic relations, allowing nBrowser to analyse and update properties of the network. In doing so, the system implements a network-based approach to learner modeling that is used to tailor instruction to the specific needs of different pre-service teachers (for review, see Poitras & Fazeli, 2016a) . The following section reviews how trace log data is collected with nBrowser and analysed to iteratively improve scaffolds targeting pre-service teachers' information seeking and acquisition.
Figure 2. nBrowser user interface

Modeling SRL and TPACK acquisition with nBrowser
The design and evaluation of nBrowser scaffolds to support pre-service teachers' information-seeking and acquisition about lesson planning using technology has thus far been limited to testing the convergence effect. The convergence effect introduced by Poitras and Fazeli (2016a) pertains to the situation that occurs when multiple learners concur on their ratings of the usefulness of an online resource. nBrowser relies on a computational representation, consisting of nodes that represent online resources, which are interrelated through links weighed on the basis of intertextual relationships. The cosine similarity of each pair of online resources is a dimension or type of relationship used to determine topic similarity based on the amount of co-occurring words mentioned in the documents. According to the convergence effect, the nBrowser is hypothesised to converge the network of online resources towards an optimal state as learners rate the usefulness of online resources. Our research addressed the following questions pertaining to the convergence effect:
1. How does a network converge to an optimal state as learners rate the usefulness of online resources? 2. What factors influence the rate of network convergence?; and 3. How can the convergence process be optimised by a system?
In addressing these questions, the nBrowser recommender engine is expected to become more efficient in converging a network to an optimal state, enabling the system to suggest online resources to learners that pertain to the most useful topics. The nBrowser system is thus used as a research and training platform, allowing researchers to collect detailed log trace data as pre-service teachers' interact with the user interface and design their own lesson plan. In the following subsections, we elaborate further on the methodological and analytical approaches used to test the convergence effect.
Methodological techniques
A total of 68 students (male = 15 [22%], female = 53 [78%]) enrolled in the research participant pool of the Department of Educational Psychology at a western US public university participated in this study for partial course credit. Less than half of the students were enrolled or had completed a practicum experience in an actual classroom (46%) and on average had spent 2 years studying in their respective programs (SD = 1.0, range: 1-6). The students were randomly assigned to either one of two experimental conditions: (1) a static version of nBrowser, where the network was not allowed to converge to an optimal arrangement through the spreading activation algorithm; and (2) a dynamic version of nBrowser, where the network was allowed to converge to an optimal state. The design guidelines of the nBrowser interface were otherwise identical, and students were unaware of what conditions they were assigned to prior to completing the study.
The study was conducted over a one-hour session for each student. All students used nBrowser on the same computer. The experimental instructions consisted of a short video on the monitor that explained the nBrowser interface and the learning goal. Students were given 30 minutes to learn about technological integration by navigating the web and designing a lesson plan that solved the case of Linda the math teacher, who complained about students' shyness and anxiety when solving math equations in front of class. In this manner, teachers were given opportunities to use their competencies, and their abilities to utilise digital representations that enhance instruction, in conjunction with their understanding of the specific characteristics of the students Angeli and Valanides (2005 , 2009 , 2013 . During the learning session, students were permitted to navigate the web using nBrowser to design their own lesson plan and resolve the issue identified in the teacher case.
Analytical techniques
Recent advances in educational data mining allow researchers to discover novel information from the fine-grained information obtained in trace log data collected in OELEs (Baker, 2010; Baker & Yacef, 2009; Desmarais & Baker, 2012; Romero, Ventura, Pechenizkiy, & Baker, 2010) . The raw trace log data obtained from nBrowser was filtered and aggregated to facilitate interpretation of learner behaviours. We review two cases where the log data of learner behaviours was analysed in different ways to investigate the convergence effect. The first line of research examined the nBrowser log data in terms of the incidence of behaviours that are indicative of information-seeking and acquisition as a means to simulate them to examine the performance of the recommender system. The simulated learner experiment allows emulating these behaviours under controlled conditions while manipulating and observing factors that may influence the convergence process (i.e., research questions 1 and 2). The second line of research extracted information from the log data to train and evaluate a predictive model that allows the system to infer the usefulness of online resources when learners fail to report ratings. In doing so, the predictive model stands to improve the efficiency of the system in terms of converging a network to an optimal state (i.e., research question 3).
Simulating pre-service teachers' information-seeking behaviours
Recent efforts to address the first and second research questions have relied on computer simulations to study the rate of network convergence while manipulating the algorithm that allows a system to spread activation through the network as well as other relevant factors such as the amount of nodes featured in the network. Simulation-based methods are an emerging area of research in the learning sciences (Champaign & Cohen, 2013; McCalla & Champaign, 2013; Poitras & Fazeli, 2016b; VanLehn, Ohlsson, & Nason, 1994) . Although simulations can be conducted under various conditions, one method involves a node or online resource within the network that is pre-determined for evaluation purposes to be the most useful to pre-service teachers' efforts to design a lesson plan. The remaining nodes in the network serve as a comparison. The simulation model emulates as closely as possible actual behaviours observed in human learners, including parameters validated in previous studies (Poitras & Fazeli, 2017a ) that capture the total number of sites visited by pre-service teachers as well as the probability of requesting a system recommendation, visiting a system suggested site, and submitting a rating. The convergence process observed during the simulation is examined in terms of the resulting node weights and system recommendations. The assumption is that the revised spreading activation algorithm should allow the recommender system to suggest the most useful resource as the network converges towards the nodes rated by the simulated learners. On the question of the node-weighing scheme, a simulation conducted with 100 simulated learners and a small network that included 10 nodes found that the recommender system suggested the most useful online resource 1.76 times more often than the comparison nodes (Poitras & Fazeli, 2017a) . The network was observed to converge towards the node following the 28th simulated learner session, at which time the system repeatedly directed future learners towards the most useful online resource. In sum, the method allows researchers to iteratively improve the network-based learner model by studying the impacts of manipulations to the underlying algorithms under controlled conditions based on information obtained from log data.
Modeling pre-service teachers' information-seeking behaviours
In addressing the third research question, how can the convergence process be optimised by a system, we mined the log trace data collected from pre-service teachers to train and test predictive models (Poitras & Fazeli, 2017b) . The usefulness property of a node within the network is continually updated by nBrowser based on the self-reported ratings submitted by the teachers. It stands to reason that the rate of network convergence may be optimised by predicting the ratings based on other observable indicators when teachers either fail to submit a rating or are unreasonably positive in their evaluations (i.e., low response rate and social desirability). In this manner, we do not rely on self-report data entirely. Using an induction-rule mining approach (Cohen, 1995) , we extracted several features from the log data obtained from 68 learners, including the elapsed time on the site, the panel selections, count of lesson plan edits, and the total amount of page visits during the session. Furthermore, the log file was aggregated at the level of site navigation events and filtered for sites where a rating was actually submitted, resulting in 70 examples in the dataset. Decision rules were induced to predict the valence of ratings (i.e., positive or negative) based on the features extracted from the log data using a ten-fold cross-validation procedure. The model was trained using 90% of the examples, and then tested using the remaining 10% of the data. This process was repeated for each of the ten partitions of the example set. We also optimised the conditional rules for several parameters and discretised the continuous features into nominal features by varying the ranges from 2 to 20 bins. Using a total of 15 bins for the feature discretisation step, the most accurate rule set achieved an average classification accuracy of 69% in predicting both positive and negative ratings submitted by teachers (Poitras & Fazeli, 2017b) . The resulting rule set can be implemented as part of the network-based learner model to continually update the usefulness property of nodes, thereby improving the efficiency of the convergence process and the resulting system recommendations of online resources. Having explained the benefits of trace log data to model preservice teachers' information-seeking behaviours while navigating the web with nBrowser, we will now discuss the broader implications for understanding and developing TPACK.
Implications and future directions for TPACK research and development
These findings have direct implications in fostering teachers' acquisition of TPACK. Teachers consider a broad range of potential classroom activities while designing their lessons and attempt to integrate the affordances of a particular technology to support pedagogical practices and student understanding. The nBrowser system supports teachers in learning about the affordances of novel technologies by scaffolding their efforts to seek and acquire information while navigating the web for online resources. These studies aim to improve the ability of the nBrowser recommender system to deliver the most useful online resources for teachers to consider. In solving the case of Linda, the math teacher, for instance, teachers may learn about students who documented their own problem-solving using a video creation software and made available the video clips on YouTube. Others may design a lesson using a website that enables students to solve math problems and receive feedback. As future teachers use the nBrowser system, researchers are able to examine the log trace data to continually improve how the system learns from their behaviours and adapts itself to their specific needs and interests.
Although extensive research has been carried out on TPACK development in tertiary education, researchers have not treated trace data in much detail. Trace log data, such as event traces and recordings collected in the context of OELEs, are commonly used methodologies in usability testing and data mining in the field of computer human interaction. The methodology is especially critical in modeling the deployment of SRL processes that mediate teachers' acquisition of TPACK, allowing for fine-grained records of frequency of events, patterns of activities, the timing and sequencing of events, as well as the analysis of the content of unstructured events, such as notes, summaries, and lesson plan edits (Azevedo et al., 2013; Hadwin, Nesbit, Jamieson-Noel, Code, & Winne, 2007; Kinnebrew, Loretz, & Biswas, 2013; Schraw, 2007 Schraw, , 2010 Winne, 2010) . We have demonstrated how trace data can be used to analyse how TPACK evolves dynamically. More importantly we demonstrate how trace data can be used to scaffold SRL processes that mediate the acquisition of TPACK. The preliminary findings obtained from mining the log data of nBrowser enables researchers to improve the ability of the system to identify the most useful online resources for lesson planning and deliver them to teachers. In doing so, teachers gain access to the most helpful materials during instructional planning. The performance of the recommender system can be further improved by manipulating the algorithms while simulating how a teacher typically behaves with nBrowser. This is especially useful in making modifications to the recommender system for large collections of online resources for teachers to consider, where an experimental approach with actual human learners would be too labor intensive to be feasible in practice.
While OELEs provide flexible and personalised learning experiences for pre-service teachers to improve their TPACK development, there are several limitations owing to the characteristics of OELEs and the complexity of TPACK. Firstly, OELEs are learner-centered, technology-based environments that require sophisticated levels of cognitive management (Land, 2000) . Different from traditional environments, preservice teachers will have to allocate more cognitive resources to plan, create, monitor, and evaluate their own progress. Some may feel frustrated since novices often lack the prerequisite SRL skills to fully engage in OELEs (Biswas, Segedy, & Kinnebrew, 2013) . Secondly, OELEs allow for teachers to be autonomous and creative in their navigation and design-related decisions, ensuring that the task is illstructured and open-ended. These design guidelines entail important challenges for learner modeling, as teachers may choose to pursue different goals and navigational trajectories that may not be anticipated by system designers. The challenge is to design comprehensive and flexible learner models that enable OELEs to deliver scaffolds that are scalable to a broad range of instructional situations. Lastly, trace log data provide important insights into pre-service teachers' SRL deployment and TPACK development. The extent to which relevant constructs from these models are reliably and comprehensively captured through the sensors that provide data to the learner model is problematic and requires extensive research and development. There is a need to prioritise what constructs to assess and examine the types of sensors that are required for the system to produce both valid and reliable inferences. Once these benchmarks are established empirical studies can be conducted to assess teachers' development of TPACK using nBrowser. In particular, we can look more closely at teachers' mental model development as they plan their lessons in an effortful and situated manner, linking their knowledge to these new experiences and drawing on both their past and future classroom experiences (Calderhead & Robson, 1991; Niess, 2005; Strauss, 1993) .
Notwithstanding our preliminary findings with nBrowser, further research should be undertaken to investigate the nature and development of TPACK using educational data mining techniques to analyse trace log data collected in OELEs. We call on researchers to utilise the affordances of log data as a tool in their investigations of the development of TPACK in pre-and in-service teachers. The limitations identified in the earlier subsections provide an immediate pathway for future research. Scaffolding has emerged as an important dimension in learning in OELEs; thus, a key challenge is to study the relevant benefits of different scaffolding strategies (Hannafin, 1995; Segedy, Kinnebrew, & Biswas, 2012) , and improve mechanisms-around such functioning-for facilitating learning. Trace log data can provide important insights into the impacts of scaffolds moments after their delivery that can complement other methodologies such as the findings obtained from coding lesson plan quality or teacher interviews (e.g., Angeli & Valanides, 2009; Harris & Hofer, 2009a , 2009b 2011 . For instance, our current research with nBrowser has focused heavily on the recommender system embedded in the web browser to facilitate information seeking and acquisition. Several questions remain unanswered at present, most notably the pre-service teachers' navigational trajectories and how their paths map onto either: (1) the networks of online resources crawled and represented in nBrowser, or (2) to those of more experienced in-service teachers using nBrowser to design their own lesson plans. Such studies may reveal where novice teachers need more assistance in developing TPACK. For example, when integrating technology into lesson plans, do teachers need more assistance with the lesson content, the integration of technology to represent the content, or the consideration of relevant student characteristics?
Further studies, which take these variables into account not solely to inform system recommendations of online resources and artifacts, but also to directly support designing lesson plans through prompts and hints, will need to be undertaken. Future research should explore the significant potential of improving our understanding of the development of TPACK using log trace data to understand how teachers comment and rate the usefulness or quality or resources as they upload lessons to public repositories (Lee et al., 2015; Recker, 2016) and choose a learning activity for use in their own classrooms (Harris, Hofner et al., 2010) . The nBrowser environment serves as a platform to conduct such research as teachers navigate through organised collections of resources and materials. Teachers make decisions to use particular technologies in support of learning activities given a specific subject matter and student population, and trace log data may provide important insights into the behaviours that characterise these decisions and their outcomes. Given the benefits of trace methodologies highlighted in this paper, ensuring that OELEs serve as both research and training platforms to better understand the nature and development of SRL should be a priority for advancing future TPACK scholarship.
